ABSTRACT In this paper, a step-up converter is presented, which possesses a high voltage gain, a continuous input current, and galvanic isolation. This converter is applied to a thermoelectric conversion system along with the maximum power point tracking (MPPT) based on three-point-weighting method, so as to extract energy from heat via the thermoelectric module effectively. For LED dimming to be considered, a switched LED module is used to adjust the number of LEDs in LED strings, so as to achieve a dimmable function. Moreover, a field-programmable gate array (FPGA) chip, named EP1C3T100C8N made by Altera Co., is used as a control kernel, so as to realize not only MPPT but also LED dimming. Eventually, several thermoelectric modules, manufactured by Kryotherm Co., are used to verify the effectiveness of the proposed thermoelectric conversion system.
I. INTRODUCTION
After the industrial revolution, the petroleum has been widely used as fuel, thereby resulting in generating much CO 2 , which is the main reason of the greenhouse effect. CO 2 comes from the disused gas along with heat. Therefore, one heat energy harvesting device is used to transfer the heat to electricity or other, thereby leading to reducing CO 2 . With the fast development of the thermoelectric module which is used to extract energy from heat, the thermoelectric conversion system has been attracted in the world. Most of the thermoelectric modules were applied to medical treatment, military, airspace, etc. [1] , [2] , due to their high cost and low efficiency. But recently, the thermoelectric module is improved in efficiency and applied to harvesting car heat energy, industrial exhausted heat energy, etc. Up to now, the thermoelectric conversion system has been generally stand-alone [3] , which can be single-stage [4] , two-stage [5] , multiple-input [6] , etc. Each has its merits and demerits. As shown in Figure 1 where the thermoelectric generator (TEG) is established by thermoelectric modules, this structure, with a battery used as load, belongs to a single stage, mainly constructed by one DC-DC converter and one controller so as to realize the The associate editor coordinating the review of this manuscript and approving it for publication was Sumant Kadwane. maximum power point tracking (MPPT) and hence to transfer the maximum power from the TEG to the battery effectively. Such a structure is relatively small in size and relatively low in cost, as compared with the two-stage structure.
On the one hand, in Figure 1 , if the battery is replaced by the LED string, then LED dimming is hard to implement. This is because the LED is generally controlled by the current command. LED dimming can be classified into PWM type [7] and level type [8] . However, in the thermoelectric conversion system, the power concept is used. Consequently, under the MPPT, if it is assumed that the number of series LEDs is fixed and no power loss in the converter, then under MPPT, the current flowing through the series LEDs is the maximum power divided by the sum of the forward voltages of all the LEDs, thereby making the LED dimming impossible to realize.
On the other hand, the output voltage of the TEG is low, and hence the high step-up converter is required. As for the traditional boost converter, the voltage gain is limited due to its parasitic elements. Recently, many non-isolated step-up converters have been presented [11] - [16] . The literatures [9] and [10] present the KY converter and its derived converters. These converters have good dynamic responses, but the corresponding voltage gains are not high due to only switched capacitors being used. The literature [11] presents an interleaved high step-up converter so as to reduce output current ripples, and the corresponding high voltage gain can be achieved by the coupled inductor. In the literatures [12] and [13] , higher voltage gains can be obtained based on switched inductors and switched capacitors. In the literature [14] , a voltage doubler is used to attain a higher voltage gain. In the literature [15] , a higher voltage gain is realized based on the coupled inductor, the voltage doubler and the switched capacitor. In the literature [16] , a high step-up converter is presented by combining the traditional boost converter and the SEPIC converter, along with zero input current ripple considered.
However, in some applications, the isolated step-up converter is needed so as to meet safety requirements [17] . In consequence, the traditional flyback converter with low component count and low cost has been widely used in the industry [18] , but this converter has a lower voltage gain. Accordingly, some researchers present novel isolated high step-up converters to overcome this problem. In the literature [19] , a coupled inductor has the behavior of transformer and inductor such that galvanic isolation and high voltage gain can be achieved. The literature [20] presents the flyback converter combined with the forward converter by interleaved control, so as to obtain a high voltage gain as well as to reduce current ripples. The literature [21] presents a derived flyback converter based on a voltage doubler, so as to upgrade the voltage gain.
Thus, in this paper, the thermoelectric conversion system, based on a single stage, contains a DC-DC converter, combining one traditional boost converter, one traditional forward converter and two energy-transferring capacitors, so as to boost the output voltage of the TEG. In addition, the LEDs are used as system output load and LED dimming is achieved by using a switched LED module. Figure 2 shows the proposed thermoelectric conversion system with dimmable lighting dimming, and this system is built up by the proposed converter, one thermoelectric generator constructed by three parallel thermoelectric module strings with each module string having two thermoelectric modules in series, one current sensor constructed by one resistor, called Rsense, several operational amplifiers, called OPAs, one voltage divider, two analog-to-digital converters, called ADC#1 and ADC#2, five photocoupled gate drivers, one field-programmable gate array (FPGA) used as a control kernel. Accordingly, two sensed analog signals are sent to the series peripheral interfaces, called SPI#1, SPI#2, after ADC#1 and ADC#2, and then sent to an MPPT algorithm inside the FPGA, to generate digital pulse-width-modulation (DPWM) signals to drive the switches S 1 and S 2 . Furthermore, under the MPP condition, LED dimming is controlled by the dimming signals which are used to change the total number of LEDs via the switches S 4 , S 8 and S 12. As for the oscillator and the phase lock loop (PLL), they are used to create the synchronous control signals for the system and subsystem.
II. PROPOSED THERMOELECTRIC CONVERSION SYSTEM

III. THERMOELECTRIC GENERATOR BEHAVIOR AND THREE-POINT-WEIGHTING METHOD A. THERMOELECTRIC MODULE OPERATING PRINCIPLES
The thermoelectric generator is composed of thermoelectric modules. The behavior of the thermoelectric module is based on the p-n junction of the semiconductor. To speak more lucidly, as shown in Figure 3 , the temperature difference between the hot side and the cold side makes the holes separated from the p-type semiconductor and the electronics separated from the n-type semiconductor, such that the electric potential difference is created. This phenomenon is called Seebeck effect. Therefore, a suitable converter is needed to harvest the maximum power generated from the thermoelectric module operating under the MPPT.
The relationship between P, I and V can be seen in Figure 4 . From this plot, it can be seen that the maximum power P max ideally locates at the intersection of half of the open voltage V oc and half of the short current I sc .
B. THREE-POINT-WEIGHTING METHOD
As generally recognized, the MPPT has several existing methods, such as open voltage method, short circuit method, conductance increase method, and perturbation and observation method. Among them, the last, also called two-point-weighting method, has been widely used due to its simplicity. However, the errors in judgement cannot be avoided. Consequently, the three-point-weighting method is used herein so as to remove this demerit.
In the following, the behavior of the three-point-weighting method will be discussed. Firstly, an initial duty cycle is given, say, D b , at point B, which is a basic point. Secondly, D b plus D is to obtain D c at point C, where D is a unit step disturbance. Thirdly, D b minus D is to obtain D a at point A. The power can be calculated by using the output voltage and current which are sensed from the thermoelectric generator. Therefore, the corresponding power values at points A, B and C are defined as P A , P B and P C , respectively. Afterwards, if P C > P A , the weighting value is increased by one; otherwise, the weighting value is decreased by one. By the same way, if P B > P A , the weighting value is increased by one; otherwise, the weighting value is decreased by one. Sequentially, these two weighting values are summed. As shown in Figure 5 (a), if this summed value is +2, then the basic point is changed to point C; As shown in Figure 5 (b), if this summed value is −2, then the basic point is changed to point A. As shown in Figure 5 (c), if this summed value is zero, then the basic point is not changed. Eventually, these two weighting values are set to zero and the next cycle is repeated.
Since the three-point-weighting method has an additional point as compared with the perturbation and observation method, the errors in judgement can be relatively reduced, and this is because if the sum of two weighting values is zero, the basic point will be unchanged. By doing so, LEDs, used as load, do not tend to flash. Figure 6 shows the proposed high step-up converter, which is built up by one traditional boost converter, one traditional forward converter and two energy-transferring capacitors. In this circuit, there are two simultaneously-driven switches S 1 and S 2 with body diodes D S1 and D S2 , respectively, one input inductor L i , one transformer constructed by one magnetizing inductor L m , two energy-transferring capacitors C 1 and C 2 , two energy-transferring diodes D 1 and D 2 , one input capacitor C i , and one output capacitor C o . It is noted that the switch S 1 is used to avoid the transformer T being shorted during the turn-off period of the switch S 2 . Moreover, the output resistor is represented by R o . For analysis convenience, there are some assumptions and symbols to be given as follows: (i) V i and V o are the input voltage and the output voltage, respectively; (ii) I i and I o are the input current and the output current, respectively; (iii) the energy-transferring capacitors C 1 and C 2 are large enough so as to make the voltage across them constant at some values; (iv) the gate driving signals for S 1 c1 and i c2 , respectively; (ix) the current i x is the sum of i Lm and i N 1 ; (x) the switching period is expressed by T s ; (xi) all the elements are ideal except that the transformer, perfectly coupled, has one magnetizing inductor, and the switches have individual body diodes; (xii) the input inductor and the magnetizing inductor are operated in the continuous conduction mode (CCM) above the half load; and (xiii) the converter operating principles and all the corresponding waveforms are analyzed in the steady state. It is noted that the life of the TEG or the life of the input capacitor of the converter can be prolonged if the input current of the converter is continuous, namely, in the CCM.
IV. PROPOSED ISOLATED HIGH STEP-UP CONVERTER
There are two modes for the proposed converter operating over one switching period, to be described in the following with some illustrated key waveforms shown in Figure 7 .
As shown in Figure 8 , the switches S 1 and S 2 are turned on, and the output diode D o is turned on, but the diodes D 1 and D 2 are turned off. During this mode, the input inductor L i is energized due to the voltage across it being V i , whereas the magnetizing inductor L m is also energized due to the voltage across it being V C1 . At the same time, the energy transferred to the load is due to the transferring current i N 2 and the capacitor C 2 being discharged.
As shown in Figure 9 , the switches S 1 
that L m is demagnetized and C 2 is charged. Also, the energy required by the load is provided by the output capacitor C o .
B. VOLTAGE CONVERSION RATIO
Prior to this subsection, it is assumed that the turns ratio is defined as By applying the voltage-second balance to L i and based on (1) and (2), the following equation can be obtained to be Rearranging (4) yields
On the other hand, by applying the voltage-second balance to L m and based on (1) and (2), the following equation can be found out to be
Also, in Mode 2, the voltage across the secondary winding N 2 can be expressed to be
By substituting (7) into (6), we can obtain the following equation:
Afterwards, by applying Kirchhoff's Voltage Law (KVL) to Mode 1, we can obtain the following equation:
where
Eventually, by substituting (8) and (10) into (9), the voltage conversion ratio can be obtained to be
It is assumed that the input power is equal to the output power. Therefore, based on (11), the relationship of the input current I i to the output current I o can be expressed by
Also
Therefore, substituting (13) into (12) yields
By defining the average value of i Li as I Li , the following equation can be obtained to be
Based on (14) and (15), the expression of I Li can be obtained to be
Also, the current ripple of the input inductor L i , called i Li , can be represented by
Thus, if 2I Li ≥ i Li , then the input inductor L i operates in the CCM; otherwise, this inductor works in the discontinuous conduction mode (DCM). More description is followed:
. According to (18) , the boundary curve for the CCM and DCM of the input inductor L i can be drawn with the turns ratio equal to one, as shown in Figure 10 . 
Sequentially, substituting (12) into (19) yields
Also, the current ripple of the magnetizing inductor L m , called i Lm , can be represented by
Therefore, if 2I Lm ≥ i Lm , then the magnetizing inductor L m operates in the CCM; otherwise, this inductor works in the DCM. More description is followed:
. According to (22), the boundary curve for the CCM and DCM of the magnetizing inductor L m can be drawn with the turns ratio equal to one, as shown in Figure 11 . 
V. SWITCHED LED MODULE A. BASIC CONCEPT
As generally recognized, if the LED is controlled under the constant current, then the more the current flowing through the LED is, the more the luminance. However, the thermoelectric generator basically transfers power from the converter to the load. Consequently, under a given actually-transferred power, if one LED string is used, then the output voltage of the LED driver is clamped at the sum of the forward voltages of series LEDs and hence the current flowing through the series LEDs is equal to the actuallytransferred power divided by this clamped voltage. Accordingly, the more the number of LEDs in the LED string is, the less current in each LED, but the higher the luminance. This is contradictory to the traditional current-controlled LED dimming and this is the reason why we use a switched LED module to achieve LED dimming. Figure 12 (a) shows the switched LED module, which adopts three switches S 4 , S 8 and S 12 to control 66 LEDs to be ON/OFF. These LEDs are divided into two LED strings. That is, each LED string has 33 LEDs connected in series, and then these two LED strings are connected in parallel. Also, Figure 12(b) shows the actual arrangement of 66 LEDs with symmetry taken into account. 
B. STRUCTURE OF THE SWITCHED LED MODULE
C. OPERATING PRINCIPLES OF THE SWITCHED LED MODULE
Since there are three switches S 4 , S 8 and S 12 in the switched LED module, the number of operating states is eight. Some measurements based on eight modes are tabulated in Table 1 . In Table 1 , the luminance in State 1 is defined as 100%, and the switched LED module is fed off-line by a DC-DC power supply with the corresponding currents limited for these states. States 1, 6 and 8 are chosen if LED dimming is required, and the corresponding operations shown in Figures 13 to 15 are described in the following. After this, this will be applied to the thermoelectric conversion system with LED load.
1) STATE 1
As shown in Figure 13 , all the three switches are turned off, implying that all the LEDs are forward-biased.
2) STATE 6
As shown in Figure 14 , S 4 and S 12 are turned on, but S 8 is turned off, implying that 34 LEDs are forward-biased. 
3) STATE 8
As shown in Figure 15 , all the switches are turned on, implying that 18 LEDs are forward-biased. 
VI. DESIGN CONSIDERATIONS
In the following, Tables 2 to 5 show the specifications for thermoelectric modules, converter, LEDs, and converter components, respectively. The used thermoelectric modules, manufactured by Kryotherm Co. with the product name of TGM-199-1.4-0.8, are connected by 2 series * 3 paralleled. Table 2 displays the thermoelectric module specifications based on measurements. Table 3 shows the converter specifications, which are determined by the thermoelectric modules working at MPP. As the thermoelectric modules output 35W, the corresponding output voltage is 7V, whereas as the thermoelectric modules output 17.5W, the corresponding output voltage is 5V. Accordingly, the input voltage range of the converter is set between 5V and 7V. Table 4 shows the specifications for the LED strings, which should be defined based on the output voltage and efficiency of the converter. It is assumed that the efficiency of the converter is 85% as the output power of the thermoelectric modules is 35W, and hence the power outputted to the load is about 30W. Table 5 shows the component specifications used in the proposed converter.
Prior to designing the key elements, the associated duty cycles should be figured out as follows. Based on (11), the following equation can be obtained to be
According to (23), the minimum duty cycle D min occurs at the maximum input voltage V i,max and can be obtained to be
According to (23), the maximum duty cycle D max occurs at the minimum input voltage V i,min and can be obtained to be
It is assumed that the input inductor L i operates in the CCM above the minimum load. Based on (18), the following expression can be obtained:
Finally, the value of L i is set at about 11µH.
B. DESIGN OF L m
It is assumed that the input inductor L m operates in the CCM above the minimum load. Based on (22), the following expression can be obtained:
Eventually, the value of L m is set at about 30µH.
C. DESIGN OF C 1
According to the basic capacitor formula, the corresponding expression of the energy-transferring capacitance C 1 can be expressed by
Based on (28) and by assuming that the minimum voltage ripple on C 1 is 1% of the voltage across C 1 , the following inequality can be obtained:
Finally, the value of C 1 is set at 320µF.
D. DESIGN OF C 2
By the same way for designing C 1 and by assuming that the minimum voltage ripple on C 2 is 1% of the voltage across C 2 , VOLUME 7, 2019
the following inequality can be obtained:
Finally, the value of C 2 is set at 10µF.
E. DESIGN OF C o
Since the output voltage ripple v o is due to the equivalent series resistance ESR Co and the charging and discharging of C o , the output voltage ripple can be expressed to be
and
Therefore, by substituting (32) and (33) into (31) and by assuming that the minimum voltage ripple on C o is 0.1% of the voltage across C o , the following inequality can be obtained:
where tan δ Co = 2π ESR Co /T s . Finally, the value of C o is set at 520µF.
VII. EXPERIMENTAL RESULTS
Prior to applying the proposed isolated converter to the thermoelectric conversion system, the proposed converter is verified under voltage mode control. Figures 16 to 24 show the waveforms under the input voltage of 6V and the rated load. Figure 16 shows the gate driving signals for S 1 and S 2 , v gs1 and v gs2 , respectively, the voltage across L i , v Li , and the current in L i , i Li . Figure 17 shows the gate driving signals for S 1 and S 2 , v gs1 and v gs2 , respectively, the voltages across S 1 and S 2 , v ds1 and v ds2 , respectively. Figure 18 shows the gate driving signals for S 1 and S 2 , v gs1 and v gs2 , respectively, the current in C 1 , i c1 , the current i x , and the current in the N 2 winding, i N 2 . Figure 19 shows the gate driving signals for S 1 and v gs2 , respectively, the voltage across the capacitor C 1 , V C1 , and the voltage across the capacitor C 2 , V C2 . Figure 21 shows Figure 23 shows the curves of efficiency versus output load current, under three input voltage levels. From Figures 16 to 19 , it can be seen that as the switches S 1 and S 2 are turned off, the high-frequency rings in v L1 , v ds1 , v ds2 and v N 1 occur due to the leakage inductance of the transformer T oscillating with the parasitic capacitors of the switches S 1 and S 2 . From Figures 19 and 21 , it can be also seen that as the switches S 1 and S 2 are turned on, the high-frequency rings in v N 1 and v D1 occur due to the reverse recovery current of the diode D 1 . From Figure 20 , it can be seen that the voltages across the capacitors C 1 and C 2 are kept constant at some values. From Figure 22 , it can be seen that the output voltage ripple v o is less than 100mV. Form Figure 23 , it can be seen that the efficiency is above 83% at the load current above 70mA, and can be up to 87%. From this figure, the efficiency is not high, and this is because the rated output current is low.
After verifying the proposed converter under voltage mode control by some experimental results, this converter is applied to the thermoelectric conversion system. Figure 24 shows the curve of power versus time on condition that this converter operates under the MPPT control based on the three-pointweighting method, whereas Figure 25 shows the curve of power versus time on condition that this converter operates under MPPT control based on the perturbation and observation method. The former has better tracking stability than the latter. As for the LED, it is dimmed under three states. Table 6 shows that the more the LED count is, the less LED current but the more the illumination. 
VIII. CONCLUSION
A single-stage thermoelectric conversion system with dimmable LED lighting is proposed using the proposed isolated high step-up converter. This converter, operating in the CCM, possesses the continuous input current, leading to the output of the thermoelectric generator or the input capacitor of the converter having a relatively small current stress. Furthermore, the MPPT is realized based on the three-pointweighting method, causing LED twinkling to be reduced. Above all, LED dimming is achieved based on the power concept so the output voltage of such a converter is clamped by the sum of the forward voltages of the corresponding series LEDs. Therefore, the more the LED count is, the less the LED current but the more luminance. This is quite different from the traditional LED dimming concept. 
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